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Description 

Load-Resistant Coaxial Transmission 

Line 

Federal Research Statement 

[0001] This invention was made with government support under 

Contract No. DE-FC26-97FT343656 awarded by the U.S. 

Department of Energy. The government has certain rights 

in the invention. 
Background of Invention 

[0002] 1. Field of the Invention. 

[0003] This disclosure is related to a transmission line for down- 
hole tools such as are associated with drill pipes in a tool 
string. More particularly, this disclosure relates to a semi- 
rigid transmission line that is capable of withstanding the 
tensile stresses, dynamic accelerations, and gravitational 
loads experienced by the downhole tools when drilling an 
oil, gas, or geothermal well. 

[0004] 2. Description of the Related Art. 



[0005] The transmission line of this disclosure is provided by 

placing the various components of the transmission line in 
sufficient contact with each other that independent mo- 
tion between them is abated during use. 

[0006] it has long been the unrealized goal of the drilling and 

subterranean excavation industries to achieve a real time, 
high data rate transmission of information from the exca- 
vation tool to the surface control systems. For example, in 
drilling wells, an information stream traveling to and from 
the drill bit would aid the driller in determining the condi- 
tion of the drill bit, the nature of the formations being 
drilled, hazardous conditions developing in the formation 
and drill string, the condition of the drill string in general, 
and aid the driller in sending commands to the drill bit 
and related downhole equipment in order to steer the bit 
in the direction desired. An important element of such a 
real time network is a high-speed transmission line. 

[0007] Transmission lines consisting of wire and coaxial cable 

have generally been proposed in prior disclosures. Coaxial 
systems are preferred for their utility and potential for 
transmitting a signal at high data rates. A coaxial cable is 
usually comprised of an inner conductive member, a di- 
electric region, and an outer conductor. Often the cable is 



encased within a jacket for ease of handling and as an ex- 
tra measure of protection during use. The inner and outer 
components are usually comprised of conductive metal. 
Copper, aluminum, brass, gold, and silver, or combina- 
tions thereof, are the preferred materials that make up the 
conductors. Higher strength materials, such as steel, 
stainless steel, beryllium copper, Inconel, tungsten, 
chrome, nickel, titanium, magnesium, palladium, etc., and 
combinations thereof, have also been used for these com- 
ponents. 

[0008] Theoretically, the most efficient dielectric region would 
consist of a gas having a dielectric constant of about 1.0. 
The dielectric constant of the materials used in the dielec- 
tric region is inversely related to the rate of signal propa- 
gation along the cable, e.g., the lower the constant, the 
higher the rate of signal transmission. But an exclusively 
gaseous system is impractical since in it there would be 
no means of maintaining the concentricity of the center 
conductor. Therefore, dielectric materials having low di- 
electric constants such as polymers and ceramics have 
been proposed for use in the dielectric region. A substan- 
tially porous dielectric may be preferred over a substan- 
tially non-porous dielectric in some applications because 



of its likelihood of increasing the gaseous content of the 
dielectric, thereby lowering the dielectric constant of the 
region and increasing the potential velocity of signal 
propagation along the length of the transmission line. 
[0009] u.S. Patent 2,437,482 incorporated by reference herein for 
all it discloses, to Salisbury, discloses the use of insulating 
beads is taught and a method is provided for configuring 
the inner and outer conductors to overcome the effects of 
the beads on signal propagation. U.S. Patent 4,161,704 
incorporated by reference herein for all it discloses, to 
Schafer, shows a transmission line is provided having 
electronic circuit components such as filters encapsulated 
therein. The disclosure also teaches the use of fluoropoly- 
mer foam dielectric materials such as Teflon®. This dis- 
closure also teaches that in the process of manufacturing 
the cable, the outer conductor and dielectric region are 
mechanically reduced by drawing them through a die so 
as to contact each other and the center conductor. U.S. 
Patent 4,340,773 incorporated by reference herein for all 
it discloses, to Perresult, discloses a small diameter di- 
electric system composed of a first layer of cellular poly- 
parabanic acid that provides a skin surrounding the inner 
conductor. A second layer of a crosslinkable polymeric 



lacquer provides a skin enclosing the first layer. In this 
manner a strong, micro-diameter cable may be produced. 
U.S. Patent 5,946,798 incorporated by reference herein for 
all it discloses, to Buluschek, provides for a method of 
manufacturing the core of the coaxial transmission line. A 
strip of conductive materials is shaped into a tube and 
then welded along its seam. After welding the tube under- 
goes a calibrations step to shape the core into a circular 
cross section. 

[0010] | n downhole applications, methods have been disclosed 
for providing electrical conductors along the length drill 
pipe and other tools. Coaxial transmission line cables 
have been recommended as the preferred conductor and 
an integral component for any system seeking to achieve 
high data rate transmission. The following are exemplary 
disclosures of these suggested applications. 

[° 011 ] U.S. Patent No. 2,379,800 incorporated by reference 

herein for all it discloses, to Hare, discloses the use of a 
protective shield for conductors and coils running along 
the length of the drill pipe. The shield served to protect 
the conductors from abrasion that would be caused by the 
drilling fluid and other materials passing through the bore 
of the drill pipe. 



[° 012 ] U.S. Patent No. 4,095,865 incorporated by reference 

herein for all it discloses, to Denison et al. discloses an 
improved drill pipe for sending an electrical signal along 
the drill string. The improvement comprised putting the 
conductor wire in a spiral conduit sprung against the in- 
side bore wall of the pipe. The conduit served to protect 
the conductor and provided an annular space within the 
bore for the passage of drilling tools. 

[0013] u.S. Patent No. 4,445,734 incorporated by reference 
herein for all it discloses, to Cunningham, teaches an 
electrical conductor or wire segment imbedded within the 
wall of the liner, which secures the conductor to the pipe 
wall and protects the conductor from abrasion and con- 
tamination caused by the circulating drilling fluid. The 
liner of the reference was composed of an elastomeric, di- 
electric material that is bonded to the inner wall of the 
drill pipe. 

[° 014 ] U.S. Patent No. 4,924,949 incorporated by reference 

herein for all it discloses, to Curlett, discloses a system of 
conduits along the pipe wall. The conduits are useful for 
conveying electrical conductors and fluids to and from the 
surface during the drilling operation. 

[0015] u.S. Patent, No. 6,392,317 incorporated by reference 



herein for all it discloses, to Hall, et al., the applicants of 
the present disclosure, discloses an annular wire harness 
incorporating a coaxial transmission line connected to one 
or more rings for use in transmitting high- speed data 
along a drill string. The coaxial transmission line is con- 
nected to the rings that comprise a means for inductively 
coupling segmented drilling tools that make up the drill 
string. 

[0016] | n order to make a downhole transmission line practical, 
the cable of the transmission line must be able to with- 
stand the dynamic conditions of downhole drilling. The 
transmission line cables that have been proposed in the 
art have not provided for the harsh environment that will 
be encountered downhole. Therefore, it is the object of 
this invention to provide a transmission line cable that can 
reliably deliver high data rate transmission in a downhole 
environment where high tensile stresses, rapid accelera- 
tions, and high, intermittent gravitational loads are 

present. 
Summary of Invention 

[0017] This disclosure presents a semi-rigid transmission line for 
downhole tools that are associated in a drill string, tool 
string, bottom hole assembly, or in a production well. The 



downhole tools, in reference to a drill sting, are joined to- 
gether at tool joints, and in order to transmit information 
and power along the tool string, it is necessary to provide 
a transmission system that includes means for bridging 
the connected tool joints and a transmission line that is 
capable of elongation, that is impervious to abrasive flu- 
ids, and that is resistant to the dynamic gravitational 
forces and acceleration ever present in the downhole en- 
vironment. Such a transmission line is presented herein 
consisting of tensile components comprising an outer 
conductor, a dielectric, and an inner conductor. The outer 
conductor may be a metal tube adapted for high electrical 
conductivity; the dielectric is preferably a fluoropolymer 
or a ceramic material having a low dielectric constant. 
Since a gas such as air has the lowest dielectric constant, 
it would be the preferred dielectric. Therefore, a foam or 
porous material may be used to achieve the lowest dielec- 
tric constant possible. The center conductor is a metal 
wire preferably having electrical properties at least about 
that of aluminum and copper. Hollow, solid, and multiple 
strand center conductors have useful properties in this 
disclosure. The center conductor may be coated in order 
to improve its electrical conductivity. The improvement of 



this disclosure is to provide a transmission line that is re- 
sistant to the dynamic loads of the tool string. This is 
achieved by placing the components of the coaxial line in 
sufficient contact with each other that independent mo- 
tion between them is substantially abated. It is believed 
that at least about between 0.001"and 0.005" of diametric 
interference is required to substantially abate independent 
motion. 

Brief Description of Drawings 

[0018] Figure 1 is a perspective, telescoping representation of 
the transmission line of the present invention. 

[0019] Figure 2 is a perspective, sectioned view of the transmis- 
sion line of the present invention. 

[0020] Figure 3 is a section view of a method of compressing the 
components of the transmission line. 

[0021] Figure 4 is a section view of a transmission line of the 

present invention having hollow inner conductor compris- 
ing strands of wire. 

[0022] Figure 5 is a section view of a transmission line of the 

present invention having non-conductive beads along the 
center conductor as a means of increasing resistance to 
gravitational forces and accelerations. 

[0023] Figure 6 is a section view of a transmission line of the 



present invention having non-conductive segments in a 
gaseous dielectric region to aid in achieving high com- 
pression within the interior of the transmission line. 

[0024] Figure 7 illustrates another configuration of the non- 
conductive segments used on cooperation with a non- 
porous dielectric. 

[0025] Figure 8 is section of a pin end tool joint depicting an in- 
ductive coupling method of bridging the connected tool 
joint and methods of retaining the transmission line 

within the downhole tools. 
Detailed Description 

[0026] a tool string for drilling oil, gas, and geothermal wells 
consists of interconnected sections of downhole tool 
components associated with drill pipe. The tool string may 
also comprise coiled tubing, which is a continuous length 
of tubing. The chief advantage of coiled tubing is that it 
eliminates the segmented composition of the tool string 
in so far as it may relate to the drill pipe. However, even in 
coiled tubing applications, it is necessary to connect up to 
downhole tools in order to obtain full the utility of the 
varied downhole tools required to successfully drill a well. 
Whether in a segmented or continuous configuration, a 
downhole transmission line for transmitting data up and 



down the tool string must be capable of withstanding the 
dynamic conditions of drilling. These dynamic conditions 
include high tensile stresses, due to the suspended mass 
of the tool string, where the elastic strain is believed to be 
at least about 0.3%; rapid accelerations associated with 
the loading and unloading of the tool string and drill bit, 
and gravitational forces that may approach 500 g"s. 
Therefore, the components of the transmission line must 
be able to withstand these conditions for an extended pe- 
riod of time, since drilling may proceed uninterrupted for 
100 hours or more and since the life of some downhole 
tools is about 5 years. 
[0027] The semi-rigid transmission line of this disclosure is de- 
signed to meet the requirements of extended life in the 
downhole environment. The transmission line may be 
adapted for use in any of the various downhole tools that 
are associated in a drill string, tool string, bottom hole 
assembly, or in equipment placed in a production well. In 
a segmented tool string, the downhole tools are joined 
together at tool joints, and in order to transmit informa- 
tion and power along the tool string, it is necessary to 
provide a transmission line that is compatible with the 
tool joints and tool joint make up. Like the tool body, it- 



self, the transmission line must also be capable of elon- 
gation, be resistant to corrosion and wear, and provide 
reliable service when subjected to repeated gravitational 
forces and accelerations ever present in the downhole en- 
vironment. The transmission line of this disclosure com- 
prises components consisting of a metal outer conductor 
having the mechanical strength of the annular drill pipe 
and other downhole tools, and a Teflon®, or similar fluo- 
rine polymer, dielectric material that encases an inner 
conductor having similar mechanical properties of the 
outer conductor. 
[0028] it is believed that efficiency in the design of the transmis- 
sion line of the present invention may be achieved by 
combining the mechanical properties of the outer conduc- 
tor with the electrical properties of the inner conductor. 
Therefore, a preferred outer conductor may comprise a 
metal tube that is lined with a material having high elec- 
trical conductivity, or it may consist of a tube within a 
tube, for example a strong metal tube having an alu- 
minum or copper tube inserted therein. Nevertheless, the 
applicants have found that a steel tube of 300 series 
stainless steel is an acceptable conductor for short dis- 
tances. 



[0029] Though air is the most preferred dielectric, it is also the 
most impractical in the coaxial configuration. However, 
the more air spaces in the dielectric material the more 
useful it may become in terms of transmission line 
impedance. Therefore, a porous material may be preferred 
to a solid material, though a solid material may also be 
tuned for high efficiency in accordance with the require- 
ments of the system. A porous ceramic material may be 
used for the dielectric sleeve. 

[0030] Although, the center conductor is usually a fine diameter 
wire of less than 0.050", it must also be strong and elec- 
trically conductive. A steel core wire having a coating of 
copper, silver, or gold, or combination thereof, is pre- 
ferred. Such a wire would nearly match the mechanical 
properties of the outer conductor and yet have the high 
electrical conductivity required for high- speed data 
transmission. In the coaxial configuration, the signal trav- 
els only along the outer skin of the inner conductor and 
along the inner skin of the outer conductor; this is known 
as the "skin effect". This phenomenon permits the use of 
high strength materials for the conductor components of 
the transmission line when those components are com- 
bined with materials that have high electrical properties at 



least about that of aluminum and copper. Hollow, solid, 
and multiple strand electrical components used in the 
center conductors may be useful in furnishing strength 
and facilitating connectivity to the other components that 
make up the transmission line. 

[0031] since an object of this disclosure is to provide a transmis- 
sion line that is resistant to the dynamic loads of drilling, 
this is achieved by placing the components of the coaxial 
line in sufficient contact with each other that independent 
motion between them is substantially abated. It is be- 
lieved that at least about 0.001" diametric interference is 
required to substantially abate independent motion. These 
and other aspects of this invention will be made more ap- 
parent in reference to the following drawings. 

[0032] The drawings are offered by way of example and not by 
way of limitation. Those skilled in the art will undoubtedly 
recognize the breadth of the utility of this disclosure, and 
will realize uses and modifications to the present inven- 
tion that are not explicitly described herein. It is under- 
stood that these related aspects of this invention, al- 
though not explicitly described herein, are nonetheless 
part of the invention disclosed. 

[0033] Figure 1 is a perspective, telescoping representation of a 



transmission line of the present invention. It depicts a 
braided center core 17 having an alternative protective 
sheath 16. The protective sheath may be conducting or 
non-conducting and may act as a transition interface be- 
tween the core material and the dielectric that provides a 
strong bondable surface and may protect the dielectric re- 
gion from wear during use. The center conductor may 
consist of multiple wires in a stranded or braded configu- 
ration, either presenting a substantially solid or hollow 
configuration. The materials of transmission line must be 
able to strain together at least about 0.3%. In Figure 1, the 
core 17 is shown with a cavity 18 at its center. The sheath 
15 may also impregnate the interstices of the braid or 
strands giving the core added strength and resilience and 
at the same time providing greater bonding area for the 
dielectric material. Surrounding the core of the transmis- 
sion line is the dielectric region composed of a low- 
constant dielectric material. A solid or foam fluoropolymer 
is preferred in this application, but a ceramic may also be 
useful especially one that has reinforcing, non-conductive 
fibers for added strength and flexibility. 
[0034] Adjacent the dielectric region is disposed a highly con- 
ductive material 14 measuring at least 60% of the Interna- 



tional Annealed Copper Standard (IACS). This conductor 
may take the form of a discrete foil- like wrap or it may be 
bonded to the inside surface of the outer conductor 13. 
The outer conductor 13 is preferably a metal tube. Materi- 
als such as steel, stainless steel, beryllium copper, In- 
conel, tungsten, chrome, nickel, titanium, magnesium, 
and palladium, and combinations thereof, have been used 
for both inner and outer conductors. These materials may 
be adapted for high electrical conductivity by placing 
them adjacent to high conductivity materials or by coating 
them with such materials, such as silver and copper. 
[0035] | n Figure 1, the inside surface of the tube 13 is coated 

with a highly conductive material 14, similar to that of the 
inner conductor, such as copper or a copper silver alloy. A 
method of achieving this configuration would be to place 
a copper tube inside the outer conductor and mechani- 
cally deform the two materials into intimate contact. An- 
other method would be by plating the copper and silver 
onto the inside surface of the stainless steel tube or by 
impregnating the copper into the steel tube. Since in the 
coaxial orientation, the electronic signal travels along the 
inside surface portion of the outer conductor and along 
the outside surface portion of the inner conductor, a sub- 



stantial portion of these conductors may be made up of 
high strength materials, usually having low conductivity, 
as long as surface portions are highly conductive. It may 
be desirable to encase the entire transmission line within 
a protective jacket 12. Normally, the jacket would be of a 
non-conductive material, highly resilient and corrosive re- 
sistant. 

[0036] Figure 2 is a perspective, sectioned view of a transmission 
line of the present invention similar to that shown in Fig- 
ure 1, but without the protective jacket 12. The inner con- 
ductor 22 is a solid in this view. The dielectric region 21 is 
adjacent the conductor 22, and the outer conductor 20 
features an inside coating of conductive material 23 such 
as copper or an alloy of silver and copper. The applicants 
have found that a stainless steel outer conductor 20 may 
also serve as the primary path for the electrical signal over 
short distances even though its conductivity may be less 
than 30% IACS. In a downhole tool string, the individual 
tool segments are generally between 30 and 45 feet long. 
The transmission line segments would, therefore, be of 
similar lengths. Although not shown in this view, the ends 
of the transmission line are adaptable for connection to 
mechanisms for transmitting the signal from one tool 



segment to another tool segment as shown in Figure 8, 
and in the applicants U.S. Patent 6,392,317. 
[0037] Figure 3 is a sectioned view of the transmission line of 
Figures 1 and 2 depicting a method of compressing the 
components of the transmission line in order to abate in- 
dependent motion between them during use. A hollow 
center conductor 33 is disposed coaxially with an outer 
conductor 30 having a dielectric material 32 disposed in- 
termediate the inner and outer conductors. The center 
conductor 33 may feature a roughened exterior so as to 
increase its surface contact with the dielectric. The rough 
exterior may be produced by knurling or by bead or grit 
blasting. It may also be achieved by coating the conductor 
with a non-uniform coat of a polymeric material. The as- 
sembled components of the transmission line are drawn 
through a die 31 in order to reduce the diameter of the 
outer conductor 30, placing the dielectric material 32 in 
compression against the inner, center conductor 33 and 
outer conductors 30. A diametric interference of at least 
between about 0.001 and 0.005 inches is required for 
sufficient contact between the components in order to 
abate independent motion between the components. The 
interference between the outer conductor and the dielec- 



trie material may also be achieved by hydraulic pressure 
along the length of the outer conductor by the process 
known as hydroforming. Or the transmission line could be 
drawn through a series of roll forms in to obtain the de- 
sired compression. The center conductor 33 may be hol- 
low or solid. A hollow center conductor 33 may be used as 
a receptacle for connection to an inductive coupling 
mechanism for connecting the transmission line of one 
segmented tool to another tool as the tool string is made 
up. 

[0038] The hollow core center conductor 33 may also be used to 
place the components in compression. A mandrel may be 
drawn through the center conductor 33 to expand it out 
against the dielectric 32 thereby creating the same degree 
of interference achieved by drawing the assembled com- 
ponents through a die 31. Alternatively, the hollow core 
center conductor 33 may be expanded out using hydraulic 
pressure in a hydroforming operation in order to achieve 
the contact required to resist the dynamic accelerations 
and gravitational loads experienced during a drilling op- 
eration. Furthermore, the core center conductor 33 may 
be coated with a non-conductive polymeric transition ma- 
terial in order to increase the bond strength with the di- 



electric. A temperature resistant, high strength fluo- 
ropolymer, for example polytetrafluoroethylene (PTFE), 
may be applied in a thin coat along the outer surface of 
the center conductor 33 before the components are made 
up into a transmission line. Likewise, a thin coat of PTFE 
may be applied to the inside surface of the outer conduc- 
tor 30 in order to accommodate compression and to in- 
crease the bond strength between the outer conductor 30 
and the dielectric 32. 
[0039] Figure 4 is a section view of a transmission line of the 

present invention having outer conductor 40, a dielectric 
region 41, and a hollow core 42. The center conductor in 
this view presents conductive windings 43 along its 
length. Alternatively, the winding may be positioned along 
the inside surface of the inner conductor. In this configu- 
ration the inner conductor could be a high strength metal 
or a polymeric tube with the signal path being through the 
windings. 

[0040] Figure 5 is a section view of a transmission line of the 

present invention. It depicts a coated outer conductor 50, 
a dielectric 51, and a center conductor 52 adapted for 
high contact with the dielectric using beads 53. This peri- 
odic bead configuration using non-conductive materials 



serves as a means for increasing resistance to gravita- 
tional forces and accelerations that are experienced by the 
transmission line during downhole use. 

[0041] Figure 6 is a section view of a transmission line of the 

present invention having an outer metal conductor 60 that 
is lined with a high conductivity material, a solid center 
conductor 63, comprising a similar highly conductive ma- 
terial, and non-conductive segments 61 in a gaseous di- 
electric region 62. The segments serve to maintain the 
concentricity of the center conductor and provide for me- 
chanical stabilization of the components during use. As 
the diameter of the outer conductor is reduced through a 
die, providing an interference of say 0.003", the segments 
61 are placed in compression against both the outer and 
inner conductors. Analysis of this configuration suggests 
that such an interference fit would be sufficient to resist 
the dynamic loads associated with downhole tools during 
use as well as provide for a low dielectric constant for 
high transmission line efficiency. 

[0042] Figure 7 depicts a cross-section of a transmission line of 
the present invention having an outer conductor 70 being 
drawn through a die 71 which provides a compression fit 
on spool-like segments 73 that are placed periodically 



along the center conductor 72. When coaxial transmission 
lines are fabricated with a thin foil shield adjacent the di- 
electric and the outer conductor, the foil is used as the 
path for the "skin effect," and the outer conductor serves 
to protect the shield from damage during handling and 
use. The foil shield is usually in the form of a braided 
sleeve or a solid tape that is wound around the dielectric 
material. When such a configuration is drawn though the 
compression die, the slightest interference between the 
shield, the dielectric and the outer conductor tends to 
cause the shield to bunch up and tear. The spool-like 
segments 73 configuration shown in figure 7 is thought to 
reduce the friction and strain on the shield and allow the 
outer conductor to be drawn down without damaging the 
other internal components of the transmission line. 
Spool-like segments 73 may take a variety of shapes dif- 
ferent from those shown in the figure without departing 
from the spirit of this disclosure. 
[0043] Figure 8 is a representation of a cross-section view of a 
pin-end tool joint 80, having threads 81 for mechanical 
connection to a mating downhole tool and a liner 82 for 
improving hydraulic flow and for protecting the tool from 
corrosion and damage during use. An outer conductor of 



the present invention 83 is shown disposed along the in- 
side wall of the tool joint. Several methods are depicted 
for attaching the conductor to the tool. For example, a 
plug 86 that is configured to allow the coaxial compo- 
nents of the transmission line to exit the plug for connec- 
tion to an inductive coupling mechanism 87 that includes 
a conductive coil 88 that are positioned within an annular 
trough located in the secondary shoulder of the joint. The 
plug 86 may be tapered, barbed, or threaded as a means 
for capturing the tube 83 within the tool 80. Another 
method for attaching the transmission line to the tool is 
shown by the clamping device 84 that is provided through 
a cross port 85 in the wall of the joint. Like the plug, it too 
may be tapered, threaded, or barbed in order to achieve 
sufficient clamping force on the tube 83. Also, the liner 82 
may be used to secure and protect the transmission line 
along the inside wall of the downhole tool. Both the liner 
and the tube may have rough outside surfaces to increase 
the friction between the adjoining components. Any of 
these methods may be used to secure the transmission 
line to the tool or they may be used in combination with 
each other. 

[0044] whereas the present invention has been described in par- 



ticular relation to the drawings attached hereto, it should 
be understood that other and further modifications apart 
from those shown or suggested herein, may be made 
within the scope and spirit of the present invention. 



